
.,:.

RAY

i ... . .

NATIONALADVISORYCCMMITTZEFORAZRONAUTICS

.-

. .

No.235

/’”

PRO?ZLL3ilDES1(22:-}

.> PR4CTICAtJAPPLICATIONOF THEBILU)E’ELENENTTHEORY-

.

1“. .1 ,.
‘}--*

By Fred.Z.Weick
LangleyMemorialAeronauticalLaboratory

. ..--.

I’

.
.,. . .:.:. .

.,-. . .+
,,, .

:....:.
-.”

A,-.. ,.....

..:-,

. ..“-

,- ,

Washington
Majr, 1$%36

6

. .,.
-,



J

$-

NATIONALADVISORYCCM2JITTEEFORAERONAUTICS.

ThisreportiS t-nefirstofa seriesof fouron~ro~e~ler —c
designandcontainsa descriptionof thebladeelementor i~d-

ifiedDrzewieclketheoryas usedin t-heEurca.uofAeronautits,
● u. S.NavyDepartment.Bladeinterferencecorrectimssue.-used

k whicht-erctakenfromR.&M. No.639of the3ritishAdvisory

CommitteeforAeronautics.Theairfoilcharacteristicsu~ed.

wereobtainedfromtestsofmCdelpropellers,notfromtefits

ofmodelwiv-gs.

A shortqethodisalsoshowninwhichtheforceson only

onebladeclementareconsider~inorderto obtainthechar-

acteristicsof thewhole’Propsller:

Themthods describedhaveprovedsatisfactoryinUSC*

* Introduction

*
.

* TheU. S. Navymethodofaircruftpropellerdesignis

basedon dataobtainedfroma combinationof the“oladeelement

theoxy,modelpropellertestsi;’a7Jirxlturmal,and test8of

.
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oper-
.—

Forthe

tO the “--’

fullscalepropellersinflight.Thedataareplottedas curves

forpropellersof standardI$avyfoi~, makingtheactual

ationsindesigninga propellerveryshortandsimple.

analysisordesignof specialpropellersr-etconfo~ing

standard,themod:fiedbladeelementtheoryisused,withair-

foilsectioncharacteristicswhichgiveresullantpowersand

effi~ienciescheckingthestanflacfimoteldata.

Althoughthebladeelecx?nttheoryisweilknom toaeronau–

ticalengineers,theaccuracyof thercsult~obtainedthrough

itsusedependsup~ncorrectionswhichcanbe obtainedonly
.

throughexperience.It is theintentiontopresentin this
b reporta modifiedformcf thetheorywithdatawhichmakesits

applicationsufficientlyaccurateforpracticaluse.

DiscussionandDeveloprnatof theTheory

In thesimpleblade~lcmentorDzzewiecketheorythepro-

pellerbladeis consideredaq madeup of a numberof mall elc-

.—

mentsandtheforcesactingon eacharefound. Fromthesurma-“

tionof theforceson theelementstheresultanti’crceson the

Wholebladearedetermined.

No accountistakenin thesimpletheoryof theinflowor

incr~sein 61~p-StI?(?PmVf3~.oC~t~7Whi.c~L~k~s p~&c~ hi frontof :

thepropeller.Thefactth@t~hetiladesinterferewitheRch

etherina mannersimilarto theinterferenceof thewinqsofa

.-
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multilanewithbackwardsta~cr isalsoneglected.Thesefac-

torsaretakencareof in thi=reportby blatieinterference
●

● correctionsto theliftanddragcoefficientsof theairfoil

sectionsobtainedfromR~&M No.639of,theBritishAdvisory

ComnitteeforAeronautics(Reference1).

Airfoilcharacteristicsas foundfromtestsonmodelwings

at lowairvelocitiesdo notapplytopropellersectionswhich

areunderentirelydifferentconditions.Propellerairfoil

sectioncharacteristicshavebeencalculatedfrommodelpropel–

. ler ted

. ~{0.236.

b anteand

speedof

are then

thefull

The

Table1.

bladeof

data(Fig.6),as willbe e~lainedinTechnicali:ote

T-neseareus~ in calculationsofpropellerper~o~.-

givepowersand efficiencies-corre~pondingto thetip .-
Knemodelpropellers (about250ft./see.).TheaOweZs‘:”

modifiedaccordingto theparticulartipspeedof

sizedpropeller(Reference,..)=

symbolsusedin thefollowingdevelopmentare givenin

Theliftinpoundsona sectionof thepropeller

length Ar andof width b isgivenby theexpres-

b(7fr)%lL2r
Sio”ilP 2 ; where Vr is tfieresultantvelocityof the

section(Fig.5).
●

Tketotalforceon thesectionduetobothliftanddxag
>’

is ~12(’JT~YKAr
2 and isin thedirectiono; K in Fig.5,s~flere

$ .=A.. As COSN-6)‘is inallcasesbetween.’325andCos(y-e)

1, theexpressionfortheforceon thebladeelementmy be
I
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Thethrustis thecomponentof thisforcein thedirection

of thepropelleraxisor

b(Vy)2Ctll
-.

dT=P , COS(~+’/)dr (2)
z

where tan Y is takenas tani,c-P1U6 D/LIof theairfoilsec-
j

tionat thecorrectedangleofattacka’. Tlnisisan approxi-

mationbutis correct withinthelimitsofaccuracyof thed-

sign. SubstitutingVr = *; and expressingb and r in

termsof thediameter,

dT = pv2i?

(!rLX b
Let ~ =

2 sin?@x D
and Tc= % ,cos(@+-y).

Then dT = ()p VZD3Tcd ;1 and thetotalthrustforthepropel-
%, .
ler (ofB blades)is

In likemannertheexpressionfortorqueis

(3)

Thehorsepowersarethenfoundfromthe
● .

TV ~~ Q2!
‘“W* 7 = ~ ‘“~. ‘,60x 550=

T~ andQ are foundforeachsectian,and theinte~ationsin

YT x j$x sin(@+Y).

(4)
expressions:

~.N : T-ill?.
5255 q Q.:*.
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equations(3)and (4)areperformedgraphicallywiththeaidof

a pltmimeter. . “

SingleSection

Itwasnoticedthatfor

.

MethcdofAnalysis.

woodpropellersofNavystandard

bladeform(Fig.11)thetor”~eand thrustgradingcurvesused

in theabovegraphicalintegrationalwaysreachedtheirmaxima

at approximately75 percentof theradius;alsothesecurves

wereapproximatelysimilarforallpitchratiosand slips,

Thissuggestedthatifa constantrelationcouldbe foundbe-

tweentheordinateQc, at tine75 percentradius“andtheto-

()talarea,*jtiaQcd ~,, it wouldbe necessarytoanalyzefor
,

thisonestationonlyandmultifilyby a constantfactorto get

a similarmanner.

Thetorqueand thrust

and j“2Tcd ($) couldbe foundin
o

gradingcurvesfora.seriesof s~nd-

ard woodgrop.ellerswerethereforecalculatedby me~risof the

fullbladoelementtheoryusingbladeinterferenceco~rections

andairfoilcharacteristicsas foundin theMcCookFieldhigh

speedwindtunnel.Theseriesincludedvariouspitchratios,

slips,bladewidthsandthicknesses.As thecurvesareallap-

proximatelyhorizontalat the75per centstation,anyslight

shiftingof the.peakhaspracticallyno effecton thevalueof

theordimte.

Theactualratiosof Qc for75 per centraditisdivided
,.
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.

bY J*% d (~~ mve a constantvalueof .272~iithin+2%.o Fcr

thrust,theratiois constantwithinthesamelimitsat .266.

If thetorqueandthrustcoefficientsat 75 per centrzdius

aredesignatedas- (JIC

forhorsepowerbeoome

Q’.HPti=
.

ToHP.=

and TIc rcgpcctively,theexpressions

.272PVaD3BQl~ N
5255

.256P~~B TIQ
550

A~.- T~ = Jl+COS(@-+y) and Q& = .375~ sin(~+7), theexpres-

sionforefficiencycanbe furtherreducedto

.416X ~
n = tan(@+y)

Thisshortmethodofanalyzingthe75

onlycanbe appliedwith&oodresults

propellerhavinga planformtapering

percent~adiusstation

toanyconventionalwood

tovardthetip,andap-

proximatelyuniformpitch,but is strictlyapplicabletonone
6

but standardNavywoodpropellers.

Application

BladeElementTheory:

The

shownby

dianeter

applicationof thebladeelementtheorycanbestbe

meansof an example.Considera propeller10 ft.in

.

widthsandthicknesse~l’&!~%o~i~%Table11,revolvingat 1800
theW: UtttwLangley
MemorialAeronautical

laboratory .- .-.. —..
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● R.P.M.onan aixplanehavingforwardspeedof 129M.P.,H.

Forthesectionat 75 percentof theradiusthebladewidth

is .66ft.andthecamberor ~ is .107. ‘

= Pitch= 7tanbladeangleOp —2TrT 2nx 3.75= “0375

Hencethebladeangle,@p = 16.60.

For129M.P.H.,V= 12gG~88

tan@= 199
afix 3*75x 3(3

= 199ft./see.

= .26’7

Hencethepathangle,@ = 15~0°*

Theapparentangleof attack,

a = @ - @ = 16.6°- 15.00’=1.6°.

FromFig.6, CL= .530for~ = .107 and a = 1.6°.

Fig.7 showsthebladeinterferencecorrectionto thelift

coefficient.Thecorrectiondependson theangle Q, OL,the

radius,bladewidth,andnumberofblades.Thelastthreearc

usedin theformof a coefficientS, 2Rrwhere S = ~. For

our exampleS.=2TrX 3.75= 17 8
2 x .66 “ “ FromFig.7, thecorrection

to theliftcoefficient~CL, is .058,b where @ = 150,

● CL= .5%02 and ~ = 15* men s = 20, ~CL= .032.Using
●

linearinterpolation,when S = 17*S,

a% = .05~- (C058- .032)(&~8_- 1,~=.044. -
15 /

.
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Thecorrectedliftcoefficientis then

In likemanner,fromFig.8, thecorrectionto theangleof at-

tackis foundto-be c =“.64- (.64- .40)(1?;:-.15)= .~o.
- 15)

Thecorrectedangleof,attack

“a’=a-c = 1.6°- .5°= 1.1O.

From’.Fig.6,the L/D for,astandardpropellersectionof

p= .107at 1=1° iS 16.8”

.

tan’= ~+tanc= .059’5+ .0087= .0682and Y = 3.9°

1 .486x .66X 1 = .239xg.x—
‘P = “L 2 si@@ = 10 X 2 X .258#

= .239X .375X .3239r
= .0290 ..

T= = % Cos(@+’Y)= ,239X .9461= .226.

ThevaluesGf QcandTc arefoundfor eachsection(Table11)

endplottedagainstr/D (Fig.10)● Thesearccalledthe

torqueandthrustgradingcurves., The,areaunderthetorque

gradtigcube isJti2Qcd (:)= ‘oo8~●

● Frunequation(4)thetorqueis

= .00237X 188’X ld X 2 X .00805= 1365ftolbs

Q.KP.= ~ = 136:2:51800= 467* ‘
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●

Frotnequation(3)the thrust

mA = P Vzti9 jti2Tc
o

= .00237X 1892

.

r“
b

.

.

is

d (:)
‘,

x 1(Y

T.13?.= ~ = 105:5:183=

X 2 X .0620= 1050lb.

361.

361= ●772‘Theefficiency ‘rI= ~’ = —. 467

The‘torquehorsepowerfoundaboveis thepowerwhichthepro-

pellerwuuldabsorbif it wereoperatingalone(withoutbody

interference)at a tipspeedofabout250ft./see.In this

casethepropellerbeing10 ft.in diameterandrevolvingat

1800R.PcM.,thetipspeed= . ..’. .

nnD= .0524ND = .0524X 1800X 10

= 944 ft./see.

If it is.operatinginfrentof= averagefuselageat 944 ft: /.
sec., 4tipsLeed,the Q.HP.shouldbeincreasedby about15per

centto giv~theactualpowerabsorbedby thepropeller(Refcr-

encc~) oxB.HP.= 1.15x 467= 537. “
;’

SingleSec%LonMethod:

I
In theshortmethod Qc isfoundforthesectionat75

per centrs#iusonlyandgalled QIC. Thensincetheratio

.,

.

t
.
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~1i2Qcd & = .372X Qfc= .272x .029= .0073
0 .

.

134nx 1800
3’25!5.

46f)= 530.
.-

;.

= 460
.-
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D-

P-

r-

b-

c-

B-

Q-

T-

QC -

Tc -

v“

TABL51. .

Symbols

Diameterof propellerinfeet.

Gconetricalpitchof propellerinfeet.

RMtiusofanysectionofpropeller,infeet(Fig.l).

Bladewidthat anysection,in feet(Fig.1).

Maximumbladewidth,in feet(Fig.1).

Numberofbladesinpropeller.

Torqueofpropeller,in fcotpgunds.

Thrustofpropeller,inpounds. .. .
Toxpe coefficientof any sectionofpropeller?

Thrustocefficientof anysectionof propeller.

Velocityof advancein ft./s@c.

MaP.H.- Velocityofadvanceinmi./hr.

n- Revclutiomofpropellerper second..

N - Rm61utionsofpropellc?rperminute.

B.HP*- Erakehorsepowerof engine. “

Z’*P%’*- Thrusthorsepower.

Q.HP=- Torquehor~epower.

T- Efficiency

Op- Blador.ngleindegrees(Fig.2).

●

Q- $mglewhichpathofblademakes~itilplaneperpendic-
ularto propellerqxis.

$- ~= arctan-n (Fig.3). .-.
,
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B

u-

c-

at-

%-

tmL-

c?L-

L/D-

-hU-

Apparcntar.gleofattackof section=@B_ @ (Fig.3).

Interferencecorrectionforangleof a.ttaek(Fig.5).

Correctedangleofattack= a - e (Fig.5).

Absolu%eliftcoefficientofairfoilat angleofattack
a (Fig.6).

Interferencecorrectionfor,liftcoefficient(Fig.7).

Correctedliftcoefficient= CL- 3CL (Fi&,5).

Ratioof lifttodragfortheairfoilsection.

Maximumuppe~camberof section(Fig.4).‘

~/hL - Stan~fiblade~Gtios(Fig.9).

hL,- ?Iaximumlowercamberof sec~~ion(Fig.4].
,

h/b- Ck.rnberratioofany section.
,

v Y- An@e betweenresullantforceon bladeelementanda
lineperpendicularto Vr.

P - Uassdensityofair. Thismaybe takenas ,0G237for
sealevelanflstandardatmosphere.

Tipspeed- Thedistancetraveledby thetipof”thepropeller
inunit.timeinplaneof rotation.

Zip speed- = mID= .0524ND ft./see.

.,

.



n

N*A;O*AOTechnicalNoteNo,235
0

TABLE11.

Analysisof StandardNavyWoodPropeller. ,

Diameter= 10 ft;
Pitch =?’ ft.,

a’ =(x-c

L/D (u’)

D/L (u’)

‘*3O

.7?8

*200

.058

1,5

9.421

283

6

.743

36.6°

.668

33,8°

2.8°...
,760

.100

● 660

2.4°

● 4°
14.5 ,

.0690

R*P.M.= 1s00
n= 30 r.p,s.

,45

.833

~267

:00?

2,25

14.’13

42&

8.5

..495

26.4°

.446..

24.00

2.4°

,802

,096

,706

1,8°
●Go

15.4

.9649

.—

,60

,788

●-j~~

3:0

1!3.84

;65

12

.372

20.4°

● 334

18.5°
1,’go

.655

,066,,
,590

1.00

.9°

16.3

*0s13

.—

,669“,.

.107“

3.75 “

23.55.“

?07 ‘

17.8 “
.,

.2975.

16.6~‘

.267‘
,.
1590° ‘

1.6° “

● 530

,044

● 486

● 5°

1,1°

16.8
{’
.0595

. HI

●09!3

4.5

28.25

13.90

,+~3-

.430

●024

.406

.20

1.1°
16.5

.0605
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TableII (Cont.)

Analysisof standardHavyWoodPropeller.

Diameter= 10 ftj*
Pitch - 7 ft.
~

tan’{= D/L+.tanc

Y

b/11

sin(@+q’)

r/D

Qc=Kpx&sin[@+v)

Cos(w-y)

T~=KpCOS(~+y)

●0419

.1109

6.3°

!0~1°

.5563

.0788

.660

.0841

.5441

.15

.0081

.?649

.0643

P..P.M.= 1800
“n= 30 r.p.so

●0314

.0963

5.5°

29~5°

.4067

y0833

.706

●1805

.4924

.225

.0200
,“

,8704

●1573

.017!5

S07!38

4:50

33.00

,3173

*0788

● 590

.2310
..

,3907

.30

.9271

,9205

.2130

M.P*H.‘=129 ““ ““
v= 189ft./6ec*

,0087

~0682

3:90

18.9°.

.2588

.0650

.486

.2390

,3239

.375.,

.0290

.9461

.2260

-

,0035,,
:OC41

3~7°

16.3°

.2181
●

●0450

.406

.1920

?2807

●45

●0242

.9598

.1850

.

. .
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Figs.1,~,3,4& 5 .

Fig,l.

211i’ 27rn
● Fig.2 Fig.3

b

.

Fig..4

Fig.5 theory.
Diagramsusedin thedevelopmentof themodifiedbladeelement

.

.—-
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Fig.9 Navy standardblade section.R.A.F.No.6 Modified, flat face.
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r
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d
Jo ‘c ‘(r/D)=0.01x6.20sq.in.=.0620

Pi/2

J Qc‘(r/D)= 0.001x8.05sq.in.=.00805 “
o

,.” .-
,

,

,04

. . . .

.01

0 .1 ,2 .3 .4 .5
r/Dc Fig.10Thrustandtorquegradingcurves.
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propellers.


